Background We postulated that the late electrophysiological effects of radiofrequency (RF) ablation may be related to microvascular injury extending beyond the region of acute coagulation necrosis.
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Methods and Results Eighteen RF lesions created in the left anterior descending coronary artery (LAD) perfusion bed of seven open chest anesthetized dogs were studied. The ablation electrode and surrounding myocardium were imaged using high-resolution two-dimensional echocardiography at x 4 magnification. After 60 seconds of RF delivery, sonicated albumin microbubbles (mean size, 4.3 ,um) were injected into the LAD to measure regional myocardial perfusion, and time-intensity plots were generated from simultaneously acquired two-dimensional echocardiography images. The regions with persistent contrast effect on two-dimensional echocardiography were larger than the pathological lesions (mean cross-sectional area, 48.3+6.3 versus 19.3±4.7 mm2, respectively; P<.0001). The mean contrast transit rate in the area corresponding to the R adiofrequency (RF) catheter ablation has rapidly emerged as the treatment of choice for reentrant supraventricular arrhythmias associated with accessory pathways or the atrioventricular node.13 The primary mechanism of tissue injury by RF ablation is presumed to be thermally mediated, resulting in coagulation necrosis at the site of RF delivery. 4 Although loss of conduction after RF ablation is usually immediate, it may be delayed for as long as several hours after the procedure.5-7 There also may be late recovery of conduction after an initially successful ablation. 8 The underlying mechanisms that account for these delayed electrophysiological effects of RF ablation are not fully understood.
We postulated that the mechanism of late electrophysiological changes may be due to RF-induced microvascular injury extending beyond the region of acute coagulation necrosis. In some cases, the injury may be progressive, leading to ongoing myocellular necrosis, and in certain instances, the injury may be transient, leading to restoration of regional perfusion and recov-pathological lesion was 25±12% of that in the normal myocardium, but it was also reduced beyond the lesion, being 48±27% and 82±28% of normal, respectively, in the 3-mm and 3-to 6-mm circumferential rims surrounding the pathological lesion (P<.05). Electron microscopy performed in two additional dogs with similar lesions demonstrated the presence of ultrastructural damage to the microvascular endothelium well beyond the pathological lesion edge.
Conclusions RF catheter ablation not only results in a marked reduction in blood flow within the acute pathological lesion but also causes reduced flow beyond the borders of the acute lesion because of microvascular endothelial cell injury. Sonicated albumin microbubbles (Albunex, Molecular Biosystems, Inc) were used as the contrast agent. We have shown that these microbubbles have no effect on coronary blood flow or systemic hemodynamics10 and that their intravascular rheology resembles that of red blood cells, thus acting as markers of red blood cell flow.1" One milliliter of this agent (mean diameter, 4.3 ,um; concentration, 0.48 billion bubbles per milliliter) was diluted with 3 mL of 5% human albumin (American Red Cross, New York), and 0.75 mL of this mixture was introduced into the plastic tubing connected to the power injector. At each stage of the experiment, the contrast agent was injected into the LAD at a rate of 4 mL/s, with 3.25 mL of 0.9% saline acting as flush.
The recorded images were transferred from video tape to the video memory of a dedicated off-line computer (Mipron System, Kontron Electronics) for analysis as previously described.12 In brief, end-diastolic frames from immediately before contrast injection until its disappearance from the myocardium were selected and aligned using cross-correlation techniques. Regions of interest were identified from a contour drawing of the pathological section of the RF lesion and were placed on the MCE image where contrast had disappeared from the normal myocardium but persisted around the site of the lesion (Fig 1B) .
Four regions of interest were identified after scaling the pathological contour to the echocardiographic image (Fig 1C) . Zone 1 was the central zone of pathological necrosis. Zone 2 was a circumferential area extending 3 mm beyond the pathological lesion edge. This region included the echo bright halo surrounding the central zone. Zone 3 was a circumferential rim extending 3 to 6 mm beyond the lesion edge. Normal myocardium was defined as a region farther than 6 mm from the lesion border. The region encompassing the halo (Fig 1B) was planimetered.
The mean pixel intensity within each region of interest was measured in each aligned end-diastolic frame in the injection sequence. Mean video intensities in these regions before appearance of contrast were subtracted from all values after its appearance. Background-subtracted time-intensity plots then were generated. To derive transit rates of microbubbles from different regions, the time-intensity plots from these regions were subjected to curve-fitting using a gamma-variate function: y=Ate-, where A is a scaling factor, and a is equal to transit rate. Previous studies from our laboratory using a similar animal model have demonstrated that a is proportional to myocardial blood flow. 9 
Electron Microscopy
Five RF lesions were created in two additional dogs. The dogs were immediately killed, and the RF lesions were processed for electron microscopy using standard techniques. A minimum of four electron micrographs (final magnification x 60 000) from zones 2 and 3 of each lesion were analyzed for microvascular endothelial injury and compared with normal myocardium. Specific ultrastructural features of evaluated endothelial cells included plasma membrane, nuclear membrane, nuclear chromatin, transport vesicles, endoplasmic reticulum, mitochondria, and cell junctions. In addition, integrity of endothelial cell basement membranes and extent of extravasation of red blood cells were analyzed for each region. The degree of microvascular endothelial cell injury was then scored for each zone by an observer blinded to the results of the MCE findings.
Statistical Analysis
All values were expressed as mean+ 1 SD unless otherwise specified. Comparisons of a between different zones were made using a two-way ANOVA, whereas those between pathological and MCE data were made using a paired Student's t test. Statistical significance was defined as P<.05 (two-sided). (Fig 1B) .
The time-intensity plots constructed from the different zones of interest depicted in Fig 1C for (Fig 3) . 
Electron Microscopy Findings
The electron microscopic findings from five representative RF lesions are summarized in the Table. The prominent ultrastructural damage to the microvascular endothelium observed in zone 2, which included loss of the basement membrane, disruption of the plasma and nuclear membranes, and extravasation of red blood cells, confirmed the presence of significant microvascular injury within this region (Fig 4C) . The microvasculature in zone 3 was also abnormal, but the extent of endothelial cellular injury was less marked than in zone 2 ( Fig 4B) .
Discussion
After delivery of RF energy, loss of conduction may be delayed for as long as several hours.5-7 There also may be late recovery of conduction after an initially successful ablation. 8 We postulated that these phenomena may be partly related to microvascular injury extending beyond the site of coagulation necrosis. In certain instances, the damage may be progressive, leading to ongoing myocellular necrosis and loss of conduction. In some cases, the injury may be transient, resulting in recovery of regional perfusion and restoration of electrophysiological function.
The present study demonstrated that myocardial blood flow was diminished markedly within the acute pathological RF lesion. Because this region was subject to coagulation necrosis, this was not an unexpected finding. A significant reduction in myocardial blood flow, however, extended beyond the border of the pathological lesion, indicating that the region of acute myocardial injury produced by RF ablation may be more extensive than that demonstrated by histochemical techniques. Electron microscopy showed the presence of ultrastructural damage to the microvascular endothelium extending outside of the pathological lesion.
Previous Studies
The mechanism of reduced blood flow beyond the site of myocardial necrosis was probably due to RF heatinduced microvascular endothelial injury. It has been demonstrated that microvascular blood flow within rabbit granulation tissue begins to decline at temperatures above 45.70C.13 Histological studies have demonstrated microvascular endothelial cell swelling and disruption, intravascular thrombosis, and neutrophil adherence to venular endothelium after thermal exposure. 1415 We have previously reported prolonged microbubble transit rates and decreased flow in two separate models of microvascular injury; we produced endothelial injury in one by hypoxia16 and in the other by coronary occlusion followed by reperfusion.17 In both, we noted prolonged microbubble transit rates and reduced flow. Although the mechanism of microvascular injury was different in the present study, the effect on microbubble transit rates was similar, suggesting that endothelial injury may be the cause. The presence of microvascular endothelial damage was demonstrated by electron microscopy in the present study.
Study Limitations
Because the region of coagulation necrosis and surrounding microvascular injury was very small, standard methods of measuring regional myocardial blood flow, such as using radionuclide microspheres, could not be used. 18 For accurate count statistics to be obtained with microspheres, the smallest possible tissue sample would be larger than the entire site of injury produced in the current experiments. The demarcation between regions that were only a few millimeters apart therefore would not be possible. Because of this limitation, we elected to use MCE to measure relative changes in regional myocardial blood flow. The use of high-resolution imaging (7.5-MHz transducer with the tissue sample placed within the focal zone of the transducer) coupled with the on-line magnification function and twice the normal sampling (60 Hz) allowed us to examine changes in contrast transit rates in small regions within and surrounding the site of necrosis. Technical limitations of the technique, such as image attenuation and unsatisfactory frame alignment, precluded analysis of 7 of the 25 lesions. Furthermore, although a comparison of pathological and echocardiographic data was made regarding the size of the lesions, the precise echocardiographic plane transecting these lesions could not be determined. Because the lesions were smaller than the thickness of an echo beam, it is likely that the lesions were encompassed within the echo beam and had a topography similar to that noted on pathology. Finally, this study investigated only the acute effects of RF ablation on myocardial microvascular blood flow; the chronic effects of RF ablation on microcirculatory blood flow need to be further characterized. A red blood cell is seen adhering to the luminal surface of the endothelial cell. B indicates basement membrane; ER, endoplasmic reticulum; M, mitochondrion; N, nucleus; P, plasma membrane; R, red blood cell; and V, transport vesicles.
Conclusions
The present study demonstrated that RF ablation caused a significant reduction in microvascular blood flow well beyond the edge of the acute pathological lesion and was characterized by MCE findings consistent with microvascular endothelial injury. Electron microscopy showed the presence of ultrastructural damage to the microvascular endothelium well beyond the border of the pathological lesion. We speculate that progression or resolution of tissue injury outside the acute pathological lesion may explain the late electrophysiological effects of RF ablation.
